Reliable detection of clonal T cell receptor beta (TCRB) gene rearrangements is essential for clonality assessment of suspect T cell proliferations. Since no appropriate Southern blot probes were available, we developed a new set of optimized TCRB gene probes. The TCRBJ1 and TCRBJ2 probes are positioned just downstream of the J␤1 and J␤2 gene segments, respectively, and can be used for detection of both incomplete D␤-J␤ and complete V␤-J␤ rearrangements, whereas the TCRBD1U and TCRBD2U probes upstream of the D␤ segments can be used to confirm incomplete D␤-J␤ rearrangements. + cases, respectively. Therefore the here-described results will facilitate the design of the most appropriate primer sets for PCR analysis of TCRB gene rearrangements at the DNA level.
Introduction
Analysis of T cell receptor (TCR) genes has proven to be an indispensable tool for clonality assessment of suspect T cell proliferations. 1 The presence or absence of clonally (identically) rearranged TCR genes in T cell proliferations is indicative of monoclonality or polyclonality, respectively. TCR delta (TCRD) and TCR gamma (TCRG) gene rearrangements are thought to precede rearrangements of TCR beta (TCRB) genes during early phases of normal T cell differentiation. 2 As a consequence nearly all mature T cell malignancies contain TCRB gene rearrangements, but also most immature T cell acute lymphoblastic leukemias (T-ALL) have rearranged TCRB genes. 1, 3 Analysis of TCR gene rearrangements for clonality assessment can be performed by Southern blot (SB) analysis and by PCR. SB requires high molecular weight DNA and is considered to be labor-intensive and timeconsuming, whereas PCR studies are more rapid and generally require minimal amounts of medium quality DNA. However, reliable PCR analysis of TCRB genes at the DNA level is not easy, because multiple primers are needed to recognize the ෂ70 V␤ and 13 J␤ gene segments that are involved in the extensive combinatorial repertoire of V␤-J␤ rearrangements. For this reason the TCRB genes are mostly studied at the RNA level, requiring only one C␤ primer in combination with the many V␤ primers. 4 The extensive combinatorial repertoire of TCRB rearrangements is advantageous for SB analysis, as it enables detection of unique rearrangement patterns in clonal T cell proliferations. For this reason SB analysis of TCRB genes is generally more informative for clonality assessment than SB analysis of the more limited combinatorial repertoire of TCRG and TCRD gene rearrangements. 5, 6 Deletion of at least one or frequently both TCRD alleles in mature TCR␣␤ + T cell proliferations further hampers analysis of this gene complex for diagnostic purposes. 3 In the TCRB locus the rearrangement process generally starts with D␤-J␤ joining followed by coupling of a V␤ gene segment to the incomplete D␤-J␤ rearrangement. Occasionally, incomplete V␤-D␤ gene rearrangements appear prior to J␤ joining. The TCRB locus consists of approximately 70 rearrangeable V gene segments and two D-J-C regions, each of which contains a single D␤ gene segment, six to seven J␤ segments and a single C␤ segment that is built up of several exons. [7] [8] [9] [10] [11] Together the two D-J-C regions are scattered over a distance of almost 20 kb. For SB analysis this distance is too large to be analyzed reliably using a single probe, due to the risk of comigration of rearranged and germline bands.
Appropriate SB probes should not overlap with J gene segments, which might be deleted during the rearrangement process, to avoid loss of hybridization signal in case the more downstream J segments are used. [12] [13] [14] This might cause underestimation of the relative size of the malignancy, probably even leading to false-negative results if the malignancy represents only 25-40% of the analyzed cell population. 12, 15 Furthermore, detection of biallelic rearrangements via inappropriate J probes might result in bands of different density, leading to the incorrect interpretation of subclone formation. 12, 15 Because all currently available J␤ probes overlap with the J␤ regions, 6 we developed a new set of J␤1, J␤2, and C␤ probes, as well as D␤1 and D␤2 upstream and downstream probes and selected the most appropriate restriction enzymes. Furthermore, the possible occurrence of genetic polymorphisms in these regions was checked. Finally, we studied TCRB gene rearrangement patterns in a large series of T-ALL and mature T cell malignancies. Information on characteristic TCRB gene rearrangement patterns as determined in SB studies will have implications for the design of primers in PCR-based clonality analysis of TCRB genes 16 as well as for identification of molecular targets for minimal residual disease (MRD) studies.
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Materials and methods
Cell samples
Peripheral blood (PB) or bone marrow (BM) samples were obtained from T-ALL patients and from patients with mature TCR␣␤ + malignancies, such as T cell large granulocytic leukemia (T-LGL), T cell prolymphocytic leukemia (T-PLL), cutaneous T cell lymphoma (CTCL), and T cell non-Hodgkin's lymphoma (T-NHL). Mononuclear cells (MNC) were isolated by Ficoll-Paque centrifugation (density: 1.077 g/cm 3 ; Pharmacia, Uppsala, Sweden). The percentage of leukemic cells in all T-ALL samples was at least 80%, as determined by immunophenotyping of the MNC. 18 The MNC samples were frozen and stored in liquid nitrogen. Control DNA was obtained from the non-hematopoietic cell line HeLa and granulocytes from healthy volunteers. Granulocytes were obtained from cell pellets after Ficoll density centrifugation.
Southern blot analysis
SB analysis was performed as previously described. 6 Fifteen g of isolated DNA were digested with the appropriate restriction enzymes (Pharmacia). Subsequent restriction fragments were size-separated in 0.7% agarose gels and transferred by vacuum blotting to Nytran-13N nylon membranes (Schleicher and Schuell, Dassel, Germany). The membranes were hybridized with 32 P-labeled probes.
Construction of the panel of TCRB DNA probes
Oligonucleotide primers used for construction of the TCRBD1U (D␤1 upstream), TCRBD1 (D␤1), TCRBJ1 (J␤1), TCRBC (C␤), TCRBD2U (D␤2 upstream), TCRBD2 (D␤2), and TCRBJ2 (J␤2) probes were designed according to published sequences of the TCRB locus (EMBL databank accession No. L36092). 10, 11 Primers were synthesized on a 392 DNA synthesizer (PE Biosystems, Foster City, CA, USA) using the solidphase phosphotriester method and used without further purification. Exact sequences of the oligonucleotide primers, including aspecific tails with either EcoRI or HindIII restriction sites for cloning purposes, are given in Table 1 .
The TCRB genomic DNA probes were obtained by cloning the purified PCR amplification products of normal granulocyte DNA. PCR was essentially performed as previously described. 3, 19 One g of granulocyte DNA, 12.5 pmol of upstream and downstream oligonucleotide primers and 1 U AmpliTaq DNA polymerase (PE Biosystems) were used per 100 l PCR reaction mixture. PCR products were digested with the appropriate restriction enzymes and size-separated in 1% agarose gels. After recovery from the agarose gel using Millipore, Ultrafree-MC filters (Millipore, Bedford, MA, USA), the PCR products were cloned in pUC19. 19 All probes were sequenced from both sides to confirm their position in the TCRB locus.
The TCRBD1U and TCRBD1 probes recognize 194 bp and 655 bp of the 5′ and 3′ D␤1 flanking sequences, respectively. The TCRBJ1 probe consists of two separate fragments due to aspecific hybridization of the intervening sequence and recognizes 435 bp immediately downstream of the J␤1.6 gene segment as well as 435 bp more 3′ of J␤1.6. The TCRBC probe recognizes 398 bp of both C␤1 and C␤2 exon 1. The TCRBD2U and TCRBD2 probes recognize 518 bp and 615 bp of the 5′ and 3′ D␤2 flanking sequences, respectively. The TCRBJ2 probe recognizes 888 bp directly downstream of the J␤2.7 gene segment ( Figure 1 and Tables 1 and 2 ).
Analysis of genetic polymorphisms and evaluation of sensitivity of TCRB rearrangement detection
Granulocyte DNA from healthy controls and/or DNA from PB-MNC of patients with germline TCRB genes were used for analysis of genetic polymorphisms. In order to evaluate the sensitivity of SB detection of TCRB gene rearrangements with the newly developed TCRB probes, DNA from a T-ALL patient with a high tumor burden was serially diluted into normal PB-MNC DNA resulting in mixtures of 100, 80, 60, 40, 20, 10, 5 and 0% of T-ALL DNA. DNA was digested with EcoRI and subjected to SB followed by successive hybridization with 32 P-labeled TCRBJ2, TCRBJ1, and TCRBC probes.
Results
Restriction map of the D-J-C region of the TCRB locus
The precise positions of the relevant restriction sites in the D-J-C areas of the TCRB locus were determined based on sequence data from Slightom et al 10 and Rowen et al (EMBL accession No. L36092). 11 The resulting detailed restriction map of both germline D␤-J␤-C␤ regions is presented in Figure 1 , whereas the exact sizes of the relevant germline restriction fragments are summarized in Table 2 .
Choice of probes and restriction enzymes
Based on the same criteria for optimal probe/restriction enzyme combinations as previously applied and described, 3, 6, [12] [13] [14] [15] several new TCRB genomic DNA probes (TCRBD1U, TCRBD1, TCRBJ1, TCRBC, TCRBD2U, TCRBD2, and TCRBJ2) were developed for optimal detection of both incomplete and complete TCRB gene rearrangements 
Figure 1
Restriction map of the human TCRB gene complex, ie the D␤1-J␤1-C␤1 and D␤2-J␤2-C␤2 regions, based on sequence data (EMBL accession No. L36092). The position of the relevant BamHI (B), BglII (Bg), EcoRI (E), and HindIII (H) restriction sites are indicated. The partly resistant EcoRI and HindIII restriction sites in the ␤2 region are given in brackets. The asterisk indicates the polymorphic BglII site. 20 The solid bars represent the various TCRB genomic DNA probes: TCRBD1U, TCRBD1, TCRBJ1, TCRBC, TCRBD2U, TCRBD2, and TCRBJ2. The TCRBJ1 probe consists of two separate fragments, because the intervening sequences cause aspecific hybridization signals. The TCRBC probe recognizes the first exon of both C␤ regions.
( Figure 1 and Table 2 ). Hybridization with the TCRBJ1 probe enables detection of (in)complete TCRB rearrangements involving J␤1 gene segments in BamHI, BglII, EcoRI, or HindIII digests (Figures 1 and 2 ). Due to the position of a HindIII restriction site within the first J␤1 gene segment, rearrangements involving this segment will, as an exception, remain undetected using this enzyme ( Figure 2 ). The TCRBJ2 probe detects both incomplete and complete TCRB rearrangements in the J␤2 region in the same restriction digests (BamHI, BglII, EcoRI, and HindIII) (Figures 1 and 2 ). However, hybridization of BamHI restriction digests with any of these two J␤ probes results in very large germline (23.7 kb) and rearranged fragments; application of this restriction enzyme is therefore less convenient, because of the risk of comigrating fragments leading to false-negative results. Furthermore, use of BglII digests is hampered by a frequent polymorphic BglII site 5′ of the C␤2 region. 20 EcoRI and HindIII therefore appear to be the most appropriate enzymes for SB analysis of the TCRB locus. Rearrangements, as identified by the TCRBJ1 and TCRBJ2 probes, can be confirmed with the TCRBC probe, which will identify identical (rearranged or germline) EcoRI (␤1 region) and HindIII (␤2 region) restriction fragments, due to the absence of EcoRI and HindIII restriction sites in the J␤1-C␤1 and J␤2-C␤2 intronic regions, respectively. The TCRBD1U and TCRBD2U probes can be used for detection of incomplete D-J rearrangements, as in these rearrangements the TCRBD1U or TCRBD2U probes on the one hand and the TCRBJ1 or TCRBJ2 probes on the other hand recognize identically rearranged restriction fragments (Figures 1 and 2) . The TCRBD1 and TCRBD2 probes, that are positioned downstream of the respective D␤ gene segments, enable detection of another type of incomplete rearrangement, ie V-D␤1 and V-D␤2 rearrangements in EcoRI digests and V-D␤2 rearrangements in HindIII digests.
In addition to their application in detecting (clonal) rearrangements, the TCRBJ1 probe and particularly the TCRBJ2 probe can also be used to exclude the occurrence of clonal rearrangements and to prove polyclonality in T cellrich samples. If many polyclonal reactive T cells are present in a PB or lymph node sample, characteristic patterns of multiple faint rearranged bands, are detected upon hybridization of EcoRI or HindIII digests with the TCRBJ2 probe; these bands probably represent incomplete D␤-J␤ rearrangements ( Figure 3) . Identification of such polyclonal patterns provides an indication for the absence of large clonal T cell populations. Hybridization patterns of our TCRB genomic DNA probes for the various types of complete and incomplete TCRB gene rearrangements in several restriction enzyme digests are summarized in Table 3 .
Analysis of polymorphisms
Evaluation of the potential occurrence of polymorphisms that might hamper proper detection of gene rearrangements in the TCRB locus, did not reveal new polymorphic restriction sites in the two D-J-C regions ( Table 2 ). The polymorphic BglII restriction site 5′ of the C␤2 region in the TCRB locus has been described before 20 and for this reason the use of BglII is not recommended for detection of TCRB rearrangements by SB analysis.
Another phenomenon that might cause interpretation problems, is the partial resistance to digestion of the EcoRI site between the J␤2 and the C␤2 region. 6, 21 Incomplete digestion of this EcoRI site leads to an additional germline band of 8.0 kb (of variable density, depending on the degree of incompleteness of digestion) next to the common 4.2 kb germline band upon hybridization of EcoRI digests with the TCRBJ2 probe ( Table 2 and Figures 1 and 4) . Nevertheless, in particular cases a true rearrangement might result in a band of similar size ( Figure 4) ; discrimination between underdigestion and true rearrangement in such cases is possible by sequential hybridization of EcoRI digests with the TCRBJ2 and TCRBC probes (Figure 4) . If the 8.0 kb band is the result of partial digestion, this fragment is detected in both hybridizations. In contrast, in case of a true rearrangement in the ␤2 region, only a (distinct) germline band is observed with the TCRBC probe (Figure 4) . In a similar way, the resistance to digestion also applies to the HindIII site between C␤2 exon 1 and exon 2, but partial digestion at this position is less frequently observed and thus rarely causes misinterpretation.
6,21
Sensitivity of detection of clonal T cell populations with TCRB genomic DNA probes
Sensitivity of detection of TCRB gene rearrangements was evaluated in serial dilutions of T-ALL DNA (with multiple ␤1 and ␤2 rearrangements) into normal PB MNC DNA. Upon hybridization with the TCRBJ2 probe two rearranged bands were observed in the undiluted sample. Even though the undiluted T-ALL DNA sample already showed a faint germline band derived from non-leukemic cells in the sample, the rearranged bands remained detectable down to the 5% dilution step (data not shown). Rehybridization of the filter with either the TCRBJ1 or TCRBC probes showed similar sensitivities. Analysis of serial dilutions into DNA from reactive polyclonal proliferations resulted in sensitivities that were slightly higher, ie 5-10% (data not shown).
TCRB gene rearrangement patterns in T cell malignancies
Using the information on the hybridization patterns of the various TCRB probes, DNA samples from nearly 200 T cell malignancies (80 CD3 − T-ALL, 31 TCR␥␦ + T-ALL, 46 TCR␣␤ + T-ALL, and 35 mature TCR␣␤ + T cell proliferations) were studied to identify rearrangements in the TCRB genes (Table 4) . Further subdivision of the mature T cell malignancies into T-LGL, T-PLL, CTCL, and T-NHL categories was not possible due to small numbers within each of these categories. Since rearrangements to the J␤1 and J␤2 regions can occur on the same allele, these two regions were considered separately. Deletions, rearrangements, or germline configurations as shown in Table 4 are based on hybridization signals of the TCRBJ1 and TCRBJ2 probes, implying that deletions of the J␤1 region can result from complete V␤-J␤2, as well as from incomplete D␤1-J␤2 rearrangements. Rearrangements were considered to be complete V␤-J␤ rearrangements, if a rearranged band was detected upon hybridization with one of the two J␤ probes while no rearranged bands and only decreased germline signals were observed upon hybridization with any of the D␤ probes. Biallelic germline configuration of the entire TCRB locus was only seen in 16 CD3
− T-ALL (20% of cases) and two TCR␥␦ + T-ALL (6%), but not in TCR␣␤ + T-ALL and TCR␣␤ + mature T cell malignancies (Table 4 ). Rearrangements and/or deletions on at least one allele of the ␤1 region were observed in 80% of CD3 − T-ALL, 94% of TCR␥␦ + T-ALL and 100% of both TCR␣␤ + T-ALL and TCR␣␤ + mature T cell malignancies. Cases showing ␤1 region rearrangements on one or both alleles predominated over cases showing only deletions in the ␤1 region in all leukemia categories. Especially in TCR␣␤ + T cell malignancies the number of cases with rearranged alleles was more than double the number of cases with deletions. A biallelic germline configuration of the ␤2 region was also observed in a minority of the samples, ie in 29% of CD3 − T-ALL, 26% of TCR␥␦ + T-ALL, Type of  Restriction  TCRB genomic DNA probes  TCRB gene  enzyme  rearrangement  TCRBD1U  TCRBD1  TCRBJ1  TCRBC  TCRBD2U  TCRBD2  TCRBJ2  TCRBC  (C␤1) (C␤2) and 9% of both TCR␣␤ + T-ALL and TCR␣␤ + mature T cell malignancies (Table 4) . In all T cell malignancy categories ␤2 region rearrangements on one or even both alleles were found in the majority of cases, ie in 70%, 75%, and approximately 90% of CD3 − , TCR␥␦ + , and TCR␣␤ + T cell malignancies, respectively.
The allelic distribution of the various types of ␤1 and ␤2 region TCRB gene rearrangements as identified from hybridization patterns of the various probes, is summarized in Table 5 . Due to the impossibility to assign incomplete ␤2 rearrangements to one or the other allele, allelic distributions could not be determined for the TCRB gene as a whole (ie combined ␤1 and ␤2 regions). Decreasing percentages of ␤1 alleles in germline configuration were observed in CD3 − (22%), TCR␥␦ + (16%), and TCR␣␤ + T cell malignancies (2% and 4%) ( Table  5 ). Deletions in the ␤1 region frequently occurred in comparable percentages of cases in the various types of malignancies. Frequencies of D␤1-J␤1 and V␤-J␤1 rearrangements were found to be largely similar, except for TCR␣␤ + T-ALL in which complete V␤-J␤1 rearrangements clearly predominated (Table  5) . V␤-D␤1 rearrangements were never observed, whereas in a few cases the rearrangements in the ␤1 region could not be further identified. Although less apparent, a similar decrease in the percentage of germline alleles was seen in ␤2 regions, but in contrast to the ␤1 region, deletions in ␤2 region alleles were hardly observed (Table 5) . Of the ␤2 rearrangements that could be identified, the majority concerned V␤-J␤2 region rearrangements in all types of T cell malignancies, ranging from 36% to 50% of all ␤2 alleles (Table 5 ). In addition, incomplete D␤2-J␤2 rearrangements were found more often in TCR␣␤ + T cell malignancies than in the other types of T-ALL (21% and 17% vs 9% and 5%) ( Table 5) . V␤-D␤2, D␤1-D␤2, and D␤1-J␤2 incomplete rearrangements and unidentified rearrangements involving the ␤2 region were observed in low frequencies.
Discussion
Insight in the presence or absence of clonal TCRB rearrangements is essential for clonality assessment in suspect T cell proliferations. In order to optimize detection of both complete and incomplete clonal TCRB gene rearrangements a new set of TCRB SB probes was developed and evaluated in a large series of nearly 200 T cell malignancies. Based on available sequence information, TCRBJ1 and TCRBJ2 probes were designed immediately downstream of the J␤1 and J␤2 gene segments, respectively, to detect both incomplete D␤-J␤, as SB analysis of TCRB genes illustrating partial resistance to digestion of the EcoRI site in between the J␤2 and C␤2 gene segments. Control DNA as well as DNA from a reactive proliferation and from two clonal T cell proliferations were digested, blotted, and successively hybridized with 32 P-labeled TCRBC (a) and TCRBJ2 (b) probes. (a) Upon hybridization with the TCRBC probe comparable bands (8.0 kb, indicated with asterisk) were detected in the reactive and in one of the clonal lymphoproliferations. In the second clonal proliferation a slightly higher (8.2 kb) band was detected. (b) Rehybridization of the filter with the TCRBJ2 probe revealed the same band in the reactive cell sample, illustrating that this band represents a larger germline fragment due to underdigestion of the EcoRI site downstream of J␤2. In the other two samples the bands as detected with the TCRBC probe, represent true J␤1 region rearrangements, because they are not detected at the same position using the TCRBJ2 probe. In these samples additional clonal J␤2 region rearrangements were observed using the TCRBJ2 probe.
well as complete V␤-D␤-J␤ rearrangements. For confirmation purposes two probes were designed in the region immediately upstream of the D␤1 and D␤2 segments (TCRBD1U and TCRBD2U), which detect identically rearranged restriction fragments in case of incomplete D-J (D␤1-J␤1, D␤1-J␤2, and Table 4 TCRB gene rearrangement patterns in T cell malignancies D␤2-J␤2) rearrangements. In addition, two probes in the areas immediately downstream of the two D␤ gene segments (TCRBD1 and TCRBD2) enable detection of the other type of incomplete rearrangement in the TCRB locus, ie V␤-D␤ rearrangements. These V-D rearrangements cannot be identified using the J␤-specific probes. Finally, infrequently occurring incomplete D␤1-D␤2 rearrangements can be identified as identically rearranged bands when using the TCRBD1U and TCRBD2 probes. All probes were designed in such a way that cross-hybridizing sequences were not included. For instance in case of the TCRBJ1 probe two separate downstream J␤1 regions had to be combined into one probe to exclude aspecific cross-hybridization of the intervening part (Figure 1) .
Several restriction enzymes were evaluated in combination with the various TCRB probes. Firstly, to avoid false-negativity due to comigration of fragments, restriction enzymes resulting in relatively small germline fragments were considered. Secondly, using the chosen probe/enzyme combinations the frequency of genetic polymorphisms that might possibly lead to false-positive results was checked in a large series of nonclonal control samples. Following these criteria, EcoRI and HindIII proved to be appropriate restriction enzymes to be used with the developed TCRB probes; BglII turned out to be a reasonable alternative, although the occurrence of a previously reported polymorphism in the ␤2 region 20 might hamper its routine application. The use of BamHI digests with the TCRBJ1 and TCRBJ2 probes or even with a TCRBC probe, as frequently reported, is very unreliable due to the high risk of comigrating bands leading to false-negativity. No frequently occurring genuine polymorphisms were observed upon EcoRI and HindIII digestion. However, the presence of an additional 8.0 kb germline band of variable density in the ␤2 region resulting from underdigestion of the EcoRI site in between J␤2 and C␤, can sometimes cause interpretation problems. This can easily be overcome by rehybridization with the TCRBC probe that only detects such partially digested EcoRI fragments but no true rearrangements (Figure 4 ). Similar misinterpretations can be caused by underdigestion of the HindIII site in the C␤2 region, but this occurs rarely.
Application of the developed probes in a large series of nearly 200 samples revealed differences in the rearrangement patterns between the various categories of T cell malignancies. Within T-ALL malignancies a clear decrease in biallelic germline configuration of both ␤1 and ␤2 regions was observed from CD3 − (20%) via TCR␥␦ + (6%) to TCR␣␤ + (0%) cases. At the same time the frequency of cases showing ␤1 and/or ␤2 rearrangements on at least one allele was found to Complete V␤-J␤ rearrangements were defined as a rearranged band upon hybridization with any of the J␤ probes, with a concomitant decrease in germline signal without any rearranged band after hybridization with D␤ probes. be higher in TCR␣␤ + T-ALL cases (72% and 89% for ␤1 and ␤2, respectively) as compared to TCR␥␦ + (49% and 74%) and CD3 − (49% and 70%) T-ALLs. Our earlier studies in childhood and adult precursor-B-ALL showed the occurrence of crosslineage TCRB rearrangements in 35% and 27% of cases, respectively. 22, 23 Closer evaluation of the frequencies of the various types of TCRB rearrangements showed that the allelic distribution of incomplete and complete rearrangements was largely similar in CD3
− and TCR␥␦ + T-ALL. In contrast, in TCR␣␤ + T-ALL an increased frequency of V␤-J␤1 rearrangements was observed as opposed to CD3
− and TCR␥␦ + T-ALL (33% vs 16% and 11%), whereas the percentage of incompletely rearranged V-D, D-D, or D-J alleles in the ␤2 region was also higher (27% vs 15% and 18%). Evaluation of TCRB rearrangement patterns in TCR␣␤ + mature T cell proliferations as opposed to especially TCR␣␤ + T-ALL, revealed several remarkable differences. Although the percentage of cases showing at least one rearranged ␤1 and/or ␤2 allele was similar, the distribution over the ␤1 and ␤2 regions was not. In comparison to TCR␣␤ + T-ALL less V␤-J␤1 and more V␤-J␤2 rearrangements were detected in mature TCR␣␤ + T cell malignancies: in TCR␣␤ + T-ALL the ratio V␤-J␤2/V␤-J␤1 was almost one (0.9), whereas in TCR␣␤ + mature T cell malignancies a V␤-J␤2/V␤-J␤1 ratio of nearly three (2.7) was observed. This might be explained by the fact that TCR␣␤ + mature T cell malignancies are derived from cells that have undergone receptor editing prior to transformation, whereas TCR␣␤ + T-ALL were transformed earlier in differentiation before such receptor adaptation processes. Despite the different distribution of V␤-J␤1 and V␤-J␤2 rearrangements, the total percentage of alleles with a complete V␤-J␤ rearrangement was found to be nearly 70% in both TCR␣␤ + categories. In contrast to the relatively high frequency of ␤1 region rearrangements (35%) in the total group of T-ALL (Table 5) , the cross-lineage TCRB gene rearrangements in childhood and adult precursor-B-ALL exclusively involve the ␤2 region and concern both incomplete D␤-J␤2 and complete V␤-J␤2 rearrangements. 22, 23 Our combined results show that clonality detection using the here-described TCRBJ1 and TCRBJ2 probes should be possible in all TCR␣␤ + T-ALL and mature TCR␣␤ + T cell malignancies, in most (95%) TCR␥␦ + T-ALL, and even in a high percentage (80%) of CD3 − T-ALL. Furthermore, in ෂ30% of precursor-B-ALL clonal TCRB rearrangements can be observed. 4, 22, 23 Although most rearrangements are detectable with the TCRBJ2 probe, use of the TCRBJ1 probe will detect many additional rearranged alleles, especially in TCR␣␤ + T-ALL. Detailed knowledge on the occurrence and type of TCRB rearrangements can also be employed in choosing the most appropriate strategies for PCR-based clonality assessment and PCR-based MRD detection in the various categories of T cell malignancies. In all categories V␤-J␤2 rearrangements constitute the main target for which (consensus) V and J primers have to be designed, but particularly in TCR␣␤ + T-ALL, complete V␤-J␤1 and incomplete D␤-J␤1 rearrangements can form important PCR targets. For PCR-based MRD detection the ␤1 and ␤2 regions provide the following target frequencies: 27% and 53% for CD3 − T-ALL, 26% and 58% for TCR␥␦ + T-ALL, 44% and 60% for TCR␣␤ + T-ALL, and 33% and 74% for mature TCR␣␤ + T cell malignancies. The TCRB locus therefore constitutes an important additional target in MRD studies of both immature and mature T cell malignancies, which requires further attention with respect to primer design.
In conclusion, we present a complete set of newly designed TCRB probes that can be used for reliable SB-based clonality assessment in suspect T cell malignancies. Optimal detection is performed by using the TCRBJ1 and TCRBJ2 probes consecutively in combination with EcoRI and/or HindIII digests. The TCRBC probe can be used for confirmation and to exclude false-positivity due to the frequently observed underdigestion of the EcoRI site in the J␤2-C␤ intron. Clonal rearrangements can be detected with a sensitivity of around 5%. Application of the TCRB probes in a large series of different T cell malignancies revealed clonal rearrangements in high percentages of TCR␣␤ + T cell malignancies, but also in TCR␥␦ + and CD3 − T-ALL. Clear differences were seen in the occurrence of the various types of complete and incomplete TCRB rearrangements between T cell malignancy categories. The latter has implications for designing the appropriate primer sets for PCR-based clonality assessment as well as PCRbased MRD detection via TCRB gene analysis.
